and mechanism of transport in the gas phase using in-situ FTIR spectroscopy. 13 Similarly [Bi(o-tol) 3 ] and [Bi(ptol) 3 ] have been shown to be useful bismuth precursors for growth of bismuth oxide films. 14 However, the high thermal stability of these precursors requires high deposition temperatures and carbon contamination can be problematic. Trimethylbismuth has been shown to deposit α-Bi 2 O 3 films in a dual source reaction with oxygen, 15, 16 however trimethylbismuth is pyrophoric and requires cooling prior to and during deposition. 5
In general, the availability of volatile single-source bismuth oxide precursors for CVD is extremely limited. To overcome the problems of precursor volatility and high deposition temperatures new single-source precursors are required to deposit phase-pure Bi 2 O 3 films. The basic requirements for incorporation of oxygen into the molecule using sterically bulky ligands to limit oligomerisation have led to the development of three main types of oxygen-containing precursor:
In all examples of CVD of crystalline Bi 2 O 3 films, oxygen gas or plasma was required during depositions; the use of [Bi(mmp) 3 ] as a single-source precursor has been briefly mentioned, but no details regarding crystalline phase(s) obtained were given in the paper. 17 We have investigated the decomposition characteristics of [Bi(O 3 ], for phase selective deposition of crystalline Bi 2 O 3 thin films using LPCVD, utilising a range of substrate temperatures, system pressures and carrier gas flow rates. The films obtained were fully characterised, and we have investigated for the first time, Bi 2 O 3 films grown by CVD for photodegradation of water.
15

EXPERIMENTAL
General Procedures
All reactions were performed under a dry, oxygen-free nitrogen atmosphere using standard Schlenk techniques and an Mbraun Unilab glove box. Nitrogen (99.96%) was obtained from BOC and used as supplied. All reagents were used without further purification, and were procured from Sigma Aldrich or Alfa Aesar Ltd. 20 CVD experiments were performed using a horizontal cold wall CVD reactor which has previously been detailed elsewhere. 22 The pressure of the reactor and inlet gas flows were regulated using mechanical throttle valves.
Nitrogen was used as a carrier gas. The substrate temperature was varied between 425 -500 °C, and the bubbler temperature maintained at 110 °C. Depositions were carried out for 1 h on 30 mm x 15 mm borosilicate glass slides, and approximately 150 mg of fresh precursor was used for each deposition. 25
Physical Measurements
Coupled mass spectrometry -thermal gravimetric analysis -differential scanning calorimetry (MS-TGA-DSC) was performed using a Netzsch STA 449C instrument. The TGA was carried out in sealed aluminium pans, pierced with a small hole just prior to analysis, at atmospheric pressure, under a flow of helium gas (50 30 cm 3 /min). The rate of heating was 10 °C min -1 . Grazing incidence (5°) powder X-ray diffraction (XRD) was carried out on a Bruker AXS D8 Discover machine using monochromatic Cu-Κ α radiation (λ 1 = 1.54 Å), with phase information obtained via the EVA suite of programs (version 2). Scanning electron microscope (SEM)
images were obtained on a JSM-6301F Scanning Microscope Field Emission machine after coating samples with an ultrathin layer of gold (not observed in images) to avoid charging. UV-Vis spectra were recorded in transmission mode over the range 175-2500 nm using a Perkin Elmer Lambda 950 photospectrometer. Raman spectra were acquired using a Renishaw Raman System 1000 using a helium-neon laser wavelength of 515 nm.
XPS spectra were obtained using a Kratos AXIS Ultra machine with a Delay line detector. A monochromated Al-K α X-ray source producing a FWHM on the Ag 3d 5/2 peak of 0.48 eV was used. A chamber pressure of 7 x 5 10 -9 torr was maintained during the scans. The samples were earthed using copper clips to prevent charging, and were etched for 10 mins at 4 kV. Spectra were fitted using CasaXPS version 2.3.15. Full width at half maximum (FHWMs) were constrained between 0.9 -1.3 for Bi 4f, and its peak position constrained between 153.9 -168 eV. For O 1s, the FWHM was constrained between 1.3 -1.7 and its position limited between 524.7 -543 eV. 10 3 ] was synthesised according to the literature in 82% yield. 18, 23 Tris ( The TGA data of [Bi(mmp) 3 ] shows a negligible weight loss (1.1%) up to 129 °C, most likely due to excess solvent molecules remaining after synthesis, and may be ignored. An endotherm is observed in the DSC trace 5
(not shown) at 130 °C, which is assigned as the melting point of [Bi(mmp) 3 ], and this is followed by the first steep weight loss of 18.3% up to 171 °C which is attributed to volatilisation of the precursor. Subsequent weight loss of 39.8% is observed between 171 and 279 °C, which is coincident with an exotherm in the DSC (not shown) and is therefore attributed to decomposition of the precursor. Between 280 °C and the end of the TGA experiment (600 °C), there was a small weight loss of 7.7%. The fraction of weight loss observed during the 10 decomposition of the precursor is ~ 50% (~40% total mass loss from a total mass of 80%, corrected for sample lost during volatilisation), which is somewhat lower than expected for formation of Bi 2 O 3 (55.1% mass loss would equate to the formation of Bi 2 O 3 ), although whether this is due to incomplete precursor decomposition or additional precursor evaporation is unclear, with XRD analysis of the TGA residue not revealing any peaks not assigned to Bi 2 O 3 . 15
The TGA data of [Bi(thd) 3 ] shows a negligible weight loss (1.5%) up to the melt at 113 °C (observed in the DSC trace), possibly due to residual moisture or solvent molecules, and may be ignored. Between 113 °C and 195 °C there is loss of 7.5% of mass, which coincides with the observation of an endotherm in the DSC (not shown) at 113 °C (assigned as the melt) and this is therefore ascribed to volatilisation of the precursor. This is followed by two separate weight loss steps of 26.6% by 246 °C and 46.3% to 600 °C, which coincide withexotherms in the DSC (not shown) and are therefore due to precursor decomposition. The fraction of weight loss ascribed to precursor decomposition is ~ 80% (~ 73% mass loss from a total mass of 91 % after precursor evaporation), which is not consistent with the formation of Bi 2 O 3 only, which requires a mass loss of 69.3%.
This additional weight loss may be due to decomposition to metallic bismuth or a suboxide, however the XRD pattern of the residue was complex and neither species could be confirmed from the data. 3 ] was released by researchers investigating the use of this precursor for ALD. 18 In their analysis, when using similar sealed pans to our experiments, they observed thermal decomposition of the precursor by 270 °C, which is consistent with the data reported here allowing for 15 differences in experimental parameters.
Analysis of the decomposition pathways of the three precursors using analysis of the mass loss fragments during each decomposition step and TGA-coupled mass spectrometry did not yield conclusive results with respect to individual precursor decomposition pathways, and as noted XRD analysis of residues was inconclusive, and therefore we are unable to speculate on the cause of the incomplete and excess mass loss in [Bi(mmp) 3 3 ] as a single-source precursor to transparent gold/yellow crystalline bismuth oxide thin 15 films was studied over a variety of substrate temperatures (no deposition was obtained below 425 °C), system pressures and carrier gas flow rates. Despite reported decomposition problems encountered when using this precursor for ALD, 18 we did not observe detrimental precursor decomposition when maintaining a bubbler temperature of 110 °C. All films displayed good substrate coverage and were adherent; all films passed the Scotch tape test but did not survive after treatment with steel wool. The films did not show any changes in characteristics after prolonged storage in air. The CVD growth conditions are shown in Table 1 . X-ray diffraction patterns revealed the presence of crystalline, mixed phase films, composed of β-and γ-phases.
At 500 °C, the γ-phase was the predominant crystalline phase ( Figure 3 ) and this was also the dominant phase upon increasing the carrier gas flow rate from 12 to 40 cm 3 /min at 450 °C. Film thickness data were obtained using side-on SEM imaging. As expected, the film growth rate increased as a function of substrate temperature (Figure 4) , and also as a function of carrier gas flow rate. 10 and irradiated with a 16 W, 365 nm UV-light for 1800 seconds from a distance of 50 mm. The generated dissolved oxygen concentration was plotted as a function of time, and the rate of oxygen production determined from the gradient of these plots (Table 2) . 3 ], whereas the substrate-only experiment, which acted as a reference, exhibited zero oxygen production as expected.
Films deposited at 500 °C, which were predominantly γ-phase, resulted in 2.5 times the rate of oxygen 10 evolution in comparison to films deposited at 475 °C, which were mixed β-and γ-phase, despite the latter sample possessing a narrower bandgap of 2.3 eV compared to 2.8 eV. The comparison of photocatalyst results obtained under different experimental conditions is notoriously difficult, as noted by Kudo and Miseki in their comprehensive review, 37 however the results obtained here for the photo-oxidation of water are of the order of those obtained from the use of optimised TiO 2 (anatase) thin films on glass investigated using an identical 15 experiment, that yielded oxygen evolution rates between 0.056 -0.440 µmol/hr. 36 An apparent quantum yield of 9.8% (at 365 nm) was calculated using Eqtn 1, which demonstrates these Bi 2 O 3 films are at least as active as a range of oxide photocatalysts. 37 This appears to be the first investigation into the water photodegradation properties of undoped Bi 2 O 3 thin films synthesised by chemical vapour deposition. The hydrogen production from visible-light photocatalytic splitting 20 of water has already been reported using bulk γ-Bi 2 O 3 on Pt/RuO 2 ( 38 and when using transition metal ion-doped γ-Bi 2 O 3 ( . 39 Recent work 40 has shown that Pt-doped bulk α-Bi 2 O 3 is able to degrade organic pollutants under visible light, so the potential for Bi 2 O 3 induced photocatalysis is encouraging.
Conclusions
[Bi(O t Bu) 3 ] has proved to be an excellent single-source precursor for MOCVD of crystalline Bi 2 O 3 films at a variety of substrate temperatures, system pressures and carrier gas flow rates, with the relatively low bubbler temperatures required to transport the precursor through the system and clean decomposition to Bi 2 O 3 giving it a distinct advantage over other commonly used bismuth precursors. The films consisted of variable mixtures of β-and γ-phases, but under particular conditions, the β-or γ-phases could be grown preferentially. All films 5 possessed band gaps between 2.3 -3.0 eV dependent upon the phase present. Top-down SEM imaging generally revealed an island-type growth mechanism with morphology varying with temperature. Film thickness increased with respect to substrate temperature and total system pressure. XPS conducted on the films chosen revealed an approximate 2:3 ratio of Bi:O, with carbon contamination decreasing dramatically upon etching. We have also demonstrated the use of these films for UV-light induced photodegradation of water into 10 oxygen.
